ABSTRACT. Influenza (flu) D virus, a possible causative agent of bovine respiratory disease, is genetically classified into three clusters: D/OK-, D/660-, and D/Japan-lineages. To evaluate antigenic heterogeneity among these clusters, we compared antibody titers to each lineage virus using bovine sera collected over time following virus infection. Antibody titers to D/Japan-lineage virus rose rapidly in the acute phase of infection, and were 4 times higher than those to the other clustered viruses. In the later phase of infection, titers to D/Japan-lineage virus were equivalent to those to D/OK-lineage virus, and still higher than those to D/660-lineage virus. These results suggest the existence of common and lineage-specific antigenic epitopes in the hemagglutininesterase-fusion protein of flu D viruses.
Influenza (flu) D virus was first isolated from pigs with respiratory illness in Oklahoma, U.S.A., in 2011 [7, 8] . Epidemiological analyses have indicated that cattle are the major reservoir of this virus [4, 7] , and that flu D is potentially involved in the bovine respiratory disease complex [14, 18] . The high morbidity and mortality of this disease in feedlot cattle are due in part to coinfection with several viruses and bacteria. Flu D virus has also been detected in cattle and pigs with respiratory disease (and in some healthy cattle), small ruminants, camelids, and horses in several countries, which suggests that the virus is globally distributed in several animal species [1, 3, 6, 10, 11, 13, 15, 17, 19, 20] .
In Japan, we detected flu D virus infection in a dairy cattle herd located in Ibaraki Prefecture in 2016 [15] . This was accomplished by assaying the seroconversion of virus-specific antibodies in paired serum samples collected before and after the onset of the symptoms. We also detected the viral genome in nasal swab samples using RT Recently, we successfully isolated a Japan strain (D/bovine/Yamagata/10710/2016; D/Yamagata) from a cow with respiratory illness in Yamagata Prefecture [16] , which showed extremely high sequence homology to D/Ibaraki; identities of HEF were 99.8 and 100% at nucleotide and amino acid levels, respectively. To confirm that D/Yamagata is included in D/Ibaraki-lineage, we generated a phylogenetic tree based on the nucleotide sequence of the HEF gene from all reported Japan strains by maximumlikelihood analysis with ClustalW (MEGA7 software) [12] . This analysis confirmed that these strains form an independent cluster (termed as D/Japan-lineage) from the other two clusters (Fig. 1) . These data strongly suggest homologous antigenicity of D/ Japan-lineage virus HEFs. In this study, to evaluate antigenic heterogeneity among flu D viruses, we utilized three strains from different clusters as antigens. Serological testing was performed against serum samples collected from cattle at multiple time points following D/Ibaraki infection.
To gain insight into antigenic heterogeneity among flu D viruses, we collected sera at several time intervals from cattle in the Ibaraki herd described above, in which the flu D outbreak had occurred [15] . The Committee of Animal Experiments at the Graduate School of Agricultural and Life Sciences, University of Tokyo, permitted our work (Permit Number: P12-652). The HI test was performed to detect anti-flu D virus antibody in the bovine sera, as per a protocol from the World Health Organization manual on animal influenza diagnosis and surveillance [24] . The samples were treated with receptor-destroying enzyme (RDE (II); Denka Seiken, Tokyo, Japan) at 37°C for 16 hr, followed by heat-inactivation at 56°C for 30 min. Serially diluted samples were then allowed to react to the flu D virus (4 hemagglutinin (HA) unit) for 30 min at room temperature, followed by incubation with a 0.6% suspension of turkey red blood cells (Nippon Bio-test Laboratories, Saitama, Japan) for 30 min at room temperature before reading the result. The HI titer of each sample was expressed as the reciprocal of the highest sample dilution that completely inhibited HA. The samples showing an HI titer ≥40 were considered as positive. The samples showing an HI titer ≥40 were considered as positive. An HI titer of 40 has been commonly used as the threshold for a seropositive result in flu D virus surveillance [4, 19] . This threshold authenticates reaction specificity in HI test [22] . Benjamin Hause (Kansas State University). To prepare the viruses for the assay, they were inoculated in swine testicle cell culture (ATCC CRL-1746), which was grown at 37°C in Dulbecco's modified Eagle's medium (WAKO, Osaka, Japan) with 10% fetal calf serum and antibiotics, and then propagated in serum-free medium in the presence of TPCK-trypsin (1 µg/ml) (Worthington, Lakewood, NJ, U.S.A.).
As described in our previous report [15] , sera were firstly collected from all cattle (n=25) in the Ibaraki herd on January 8, 2016 and tested for the HI antibody. Eight cattle were found to be antibody-positive with geometric mean titers of 67. correspond to the homologous antibody responses for these two strains. The serum collected on February 3, around two weeks after the primary infection of the D/Ibaraki, should contain virus-specific IgM antibody over IgG antibody, suggesting that the IgM antibody may react more strongly to the lineage-specific antigenic epitope than the IgG antibody. On the other hand, slight increases in HI titers were observed in the Group 1 cows on February 3, indicating that the animals contained antibodies induced by past infection with an undefined Japan strain. This provides additional evidence of homologous antigenicity among D/Japanlineage viruses.
To further compare antibody titers to each virus from the different clusters, sera were collected from all cows on follow-up sampling dates after the acute phase of virus infection and tested for HI antibodies (Table 1 ). In cows of Group 2, although lower titers were observed for all viruses compared to those in the acute phase, those to D/Yamagata decreased more relative to the other viruses on July 4, reaching titers equivalent to D/OK. Some samples that had tested positive to D/NE on February 3 became negative on July 4. HI titers to each virus did not change on December 15 compared to July 4. These results suggest a strong antibody response to the D/Japan-lineage-specific antigenic epitope of HEF in the acute phase, although antibody titers to this epitope were not maintained in the later phase of infection. No changes in titers to each lineage virus were observed for the period after A previous study demonstrated heterologous antigenicity between D/OK-and D/660-lineage viruses using rabbit polyclonal antisera to each virus by HI test, and homologous antigenicity among the same lineage viruses [2] . Furthermore, the antigenic difference was determined to be caused by a difference in the amino acid at position 212 in the HEF; K for D/OK-and R for D/660-lineage viruses [2] . Notably, the D/Japan-lineage viruses uniformly possess S at this position [15] . Additionally, one putative N-glycosylation sequon was missing at positions 249-251 in the HEF of D/Japan-lineage strains. These molecular characteristics may contribute to the generation of D/Japan-lineage-specific antigenic epitopes in HEF, although further analyses using monoclonal antibodies are required.
Collectively, epidemiological and metagenomic data [21] , as well as an experimental infection study [5] , have indicated that the flu D virus is a causative agent of bovine respiratory disease. Several vaccines against bovine respiratory agents such as bovine herpesvirus 1, bovine respiratory syncytial virus, bovine parainfluenza virus 3, bovine viral diarrhea virus, and bovine adenovirus are currently available in Japan. However, the protective effects of these vaccines are unsatisfactory in some cases of respiratory illness, suggesting that the cases may be associated with flu D virus infection. Therefore, vaccine development for flu D should be considered [9, 23] . The antigenic heterogeneity among all flu D virus HEFs shown in this study emphasizes that, when developing flu D vaccine in Japan, the D/Japan-lineage virus should be used as a seed virus to yield maximal vaccine efficacy. The animals were divided into two groups depending on antibody positivity of sera collected on January 8, 2016; Group 1 (N=8) includes antibody-positive cows, whereas Group 2 (N=17) includes antibody-negative cows. After flu D virus infection occurred around January 15 in this herd, sera were collected from all cows on the date shown, and tested for HI antibodies to three lineage viruses (D/OK, D/NE and D/Yamagata); geometric mean titers and standard deviations (SD) were shown.
